Abstract To better understand the reaction of Arctic coasts to increasing environmental pressure, coastal changes along a 210-km length of the Yukon Territory coast in north-west Canada were investigated. Shoreline positions were acquired from aerial and satellite images between 1951 and 2011. Shoreline change rates were calculated for multiple time periods along the entire coast and at six key sites. Additionally, Differential Global Positioning System (DGPS) measurements of shoreline positions from seven field sites were used to analyze coastal dynamics from 1991 to 2015 at higher spatial resolution. The whole coast has a consistent, spatially averaged mean rate of shoreline change of 0.7 ± 0.2 m/a with a general trend of decreasing erosion from west to east. Additional data from six key sites shows that the mean shoreline change rate decreased from À1. 3 ± 0.8 (1950s-1970s) to À0.5 ± 0.6 m/a (1970s-1990s). This was followed by a significant increase in shoreline change to À1.3 ± 0.3 m/a in the 1990s to 2011. This increase is confirmed by DGPS measurements that indicate increased erosion rates at local rates up to À8.9 m/a since 2006. Ground surveys and observations with remote sensing data indicate that the current rate of shoreline retreat along some parts of the Yukon coast is higher than at any time before in the 64-year-long observation record. Enhanced availability of material in turn might favor the buildup of gravel features, which have been growing in extent throughout the last six decades.
Introduction
Permafrost coasts are highly dynamic landscapes in the Arctic. Approximately 65% of all Arctic coasts are unlithified but bonded by permafrost, which is defined as ground that stays below 0°C for at least two consecutive years (Harris et al., 1988; Lantuit et al., 2012) . Upon thaw, many of these coasts are affected by high erosion rates (Günther et al., 2015; Jones et al., 2013; Lantuit et al., 2012) . Erosion can have large impacts on the ecological and socioeconomical dimension of coastal systems. Since large quantities of organic carbon are stored in permafrost, released fluxes from coastal erosion could form a significant contribution to the Arctic carbon cycle (Callaghan et al., 2011; Fritz et al., 2017; Hugelius et al., 2013; McGuire et al., 1995; Tanski et al., 2017; Vonk et al., 2012; Zhang & Chen, 2005) . Coastal erosion is also threatening infrastructure, settlements, and archeological sites along many Arctic coasts (Forbes, 2011; Radosavljevic et al., 2015; Ogorodov et al., 2016; O'Rourke, 2017) .
higher permafrost and water temperatures (Arctic Monitoring and Assessment Programme, 2011; Overland et al., 2015; Proshutinsky et al., 2015; Smith et al., 2010) , decreasing sea ice extent and thickness (Serreze et al., 2009; Stroeve et al., 2007 Stroeve et al., , 2011 Stroeve et al., , 2014 and longer open water seasons (Markus et al., 2009; Stroeve et al., 2014) , higher frequency of more severe storms (Atkinson, 2005; Manson et al., 2005) , rising sea level (Manson & Solomon, 2007) , and deeper thawing depths of soils Hinzman et al., 2005) . All these changes have the potential to enhance coastal erosion, especially along coasts with high ground ice contents (Aré, 1988; Dallimore et al., 1996; Günther et al., 2015; Kizyakov et al., 2013; Lantuit & Pollard, 2008 ). Yet the rate at which Arctic coasts are responding to these changes is not well known, since baseline shoreline change data sets covering multiple time periods are very scarce.
Accelerated shoreline retreat has been reported from several locations along Arctic coasts, but no Arctic-wide acceleration in shoreline retreat has yet been substantiated, likely because of the lack of suitable data and the scarce coverage of Arctic coastal change studies (Overduin et al., 2014) . High coastal erosion rates have been described along the Siberian coast, with acceleration of coastal erosion being observed in various studies with rates up to À17 m/a along very exposed sites, like the northern tip of Muostakh Island (Günther et al., , 2015 Lantuit et al., 2011; Maslakov & Kraev, 2016; Vasiliev et al., 2005) . Along the Alaskan Beaufort coast, mean shoreline change occurs at a rate of À1. 4 ± 0.3 m/a (1940s-2000s) , and maximum rates of up to À19 m/a are being measured in the area of Drew Point and Point Barrow for subdecadal time periods Brown et al., 2003; Gibbs & Richmond, 2015; Jones et al., 2008 , Jones, Arp, Beck, et al., 2009 , Jones, Arp, Jorgenson, et al., 2009 Mars & Houseknecht, 2007; Ping et al., 2011; Reimnitz et al., 1985; Tweedie et al., 2012) . However, despite the fact that the Yukon coast is one of the most ice-rich and fastest eroding coasts in the Arctic , little is known about the spatial and temporal variability over timescales of decades and the spatial scale of the entire coast. The only study systematically investigating the whole Yukon coast by means of aerial imagery analyses from the 1950s and 1970s was published in 1985 and reported average retreat rates of À0.5 m/a with local rates up to À5.3 m/a (Harper et al., 1985) . Further studies have concentrated on shorter parts of the Yukon coast (Forbes, 1997; Konopczak et al., 2014; Lantuit & Pollard, 2008; McDonald & Lewis, 1973; Radosavljevic et al., 2015) or on much shorter timescales (Obu et al., 2017) . These studies reported mean shoreline change rates of À0.45 to À3.0 m/a, which corresponds well with shoreline change rates published by Harper et al. (1985) . Since most of these studies published rates of shoreline change for one to two time periods, no conclusive insight into possible change in trends in shoreline change rates could be gained so far.
In this paper, the previous studies are complemented and significantly expanded by (1) quantifying shoreline position changes along 210 km of the Yukon coast over a 64-year period (1951-2015) and (2) investigating the temporal and spatial variability of these shoreline changes.
Study Area
The Yukon coast is the northern limit of the Yukon Coastal Plain, which is the emergent part of the Beaufort continental shelf (Figure 1 ). The Yukon Coastal Plain is 10 to 40 km wide and extends from the Alaskan border to the Mackenzie delta (Rampton, 1982) . The Yukon coast region was partially glaciated by an extension tongue of the Laurentide Ice Sheet flowing from the southeast during the Buckland Stage of the Wisconsin glaciation about 40 ka BP (Rampton, 1982) . During glacial advance, the ice sheet deformed sediments and left extensive morainic deposits behind after retreat. The progression stopped at what is today the fan of the Firth River. The region is therefore characterized by two distinct physiographic areas located on either side of this glacial limit (Fritz et al., 2012; Rampton, 1982 ; Figure 1 ).
The coast which remained unglaciated during the last ice age west of the Firth River delta is characterized by a gently sloping backshore composed of fine-grained lacustrine and alluvial sediments (Rampton, 1982) .
The formerly glaciated part of the coast, east of the Malcom river delta, is composed of fine-grained lacustrine and outwash plains, as well as rolling moraines that contain coarse grained tills (Bouchard, 1974; Rampton, 1982) . The morphology of this formerly glaciated section of coast is much more diverse than to the west. From the Workboat Passage to the Babbage River delta, cliff heights vary between 2-and 3-m (toward the west) to 15-m-high ice-rich cliffs (toward the east). From Kay Point to Shingle Point, the coast rises up to 60 m high and is mainly characterized by steep cliffs made of till deposits, often with very high ground ice contents up to 74% (Couture, 2010) including massive ground ice beds (Harry et al., 1988) . Processes such as retrogressive thaw slumping and cliff face gullying are characteristic for this region, as well as block failure along the coast as a consequence of thermal abrasion at the cliff toe (Wolfe et al., 2001 ).
The Canadian Beaufort shelf fronting the Yukon Coastal Plain is 40 to 150 km wide and is gently sloping toward the shelf break located approximately at the 80-m isobath (Hill et al., 1991) . The period of time when sea ice is absent and liquid water and waves affect the shoreface is limited to about 3.5 months from late June to early October (Galley et al., 2016) . Observations show that this period elongates throughout the satellite data record, which started in 1979. The length of the season when sea ice is absent along the Beaufort coast extended by 9 days per decade from 1979 to 2013 (Stroeve et al., 2014) . Relative sea-level rise in this region is on average approximately 2 mm/a (James et al., 2014) . Astronomical tides are semidiurnal and in the microtidal (0.3 to 0.5 m) range (Héquette et al., 1995) . However, storm surges can raise water levels up to 3 m and , and (9) SHI (Shingle Point). The stars mark the field sites, along which GPS measurements were taken. These are from west to east: BORs, CLAs, KOMs, CATs, NUNs, STOs, and KNGs. The purple bars mark the key site extents. These key sites are additionally covered by aerial images from the 1990s. Blue circles indicate the seven main gravel features along the coast, which were assessed to analyze land change dynamics. They are from west to east: Clarence Lagoon, Nunaluk Spit, Catton Point Spit, Stokes Point Lagoon, Kay Point Spit, King Point Lagoon, and Shingle Point Spit. Longshore drift information was obtained from the Environmental Atlas of the Beaufort Coastlines 2016. Bathymetric contours information is based on Canadian Hydrographic Survey Navigational Charts and was improved by local surveys performed in the 1980s (Thompson, 1994) . Basemap: 30 m Yukon Digital Elevation Model, interpolated from the digital 1:50,000 Canadian Topographic Database (Yukon Department of Environment, 2016).
can cause large-scale flooding (Harper et al., 1988; Reimnitz & Maurer, 1979) . The prevailing wind directions are from the southeast and northwest, though most storms come from the northwest (Hill et al., 1991; Hudak & Young, 2002) . Storms from the northeast generate negative surges and are thus less effective in eroding the coast (Harper & Penland, 1982; Henry, 1975) . Storm occurrences usually peak within the last month before sea ice freeze-up in October (Atkinson, 2005; Hudak & Young, 2002) .
The mean annual temperature for Komakuk Beach is À11.0°C, with a July maximum of 7.8°C (1971 -2000 Environment Canada, 2016) . The Yukon Coastal Plain is underlain by continuous permafrost except beneath large thermokarst lakes and riverbeds (Rampton, 1982) . Permafrost temperature has been warming at the top of permafrost at Herschel Island by up to 2.6°C since 1905 (Burn & Zhang, 2009 ). This increase is linked to a warming of air temperatures, which are 2.8°C higher than the ones of the early twentieth century (Richter-Menge & Mathis, 2016).
Data and Methods
In order to understand how the shoreline changed along a large portion of the Yukon coast, a 210-km length of coast from the Canada-U.S. American border in the west to Shingle Point in the east was investigated on different spatial and temporal scales using remotely sensed images and field survey data (Table 1) .
Remote Sensing Data
A combination of aerial images and satellite images was used to map shoreline positions. A series of scanned aerial monochrome (i.e., black and white) images were obtained from the Canadian National Air Photo Library (Natural Resources Canada (NRCan), 2016a) for the 1950s (i.e., 1951, 1952, 1953, and 1954), the 1970s (i.e., 1972 and 1976), and the 1990s (i.e., 1992, 1994, and 1996) . No single year of imagery in the 1950s or 1970s had complete coverage of the study area. Thus, images from multiple years within each decade were combined to produce a single shoreline data set for each of those decades. Additionally, seven short shoreline sections (key sites) were covered by aerial images in the 1990s, together covering a coastal length of 27 km ( Figure 1) . The coverage by aerial images in the 1990s was mostly determined by where field sites were situated at that time ( Figure 1, section 2. 3). The 2011 shoreline position was mapped using satellite images (Digital Globe, 2014 . Subsequently, all aerial images from 1951, 1952, 1953, and 1954 will be referred to as the 1950s aerial image series. The aerial images from 1972 and 1976 will be referred to as the 1970s aerial image series, and the ones from 1992, 1994, and 1996 as the 1990s aerial image series. 2.2.1. Geo-Coding Orthorectification of all aerial images was performed by geocoding all images to the 2011 satellite images using PCI Geomatic's Geomatica Orthoengine© software (2014). The absolute geolocation accuracy for GeoEye-1 and WorldView-2 images is better than 5 and 3.5 m, respectively (Digital Globe, 2014 . The PCI Geomatic's Geomatica Orthoengine© software accounts for camera tilt, lens distortion, radial distortion, Earth curvature, and refraction when orthorectifying aerial images. Digital elevation data sets were used to reduce displacement caused by terrain relief. These included the Yukon Digital Elevation Model (30.0-m ground resolution; Environment Yukon, 2016), airborne LiDAR (light detection and ranging) elevation data (1.0-m ground resolution and vertical accuracy of 0.15 ± 0.1 m) (Kohnert et al., 2014; Obu et al., 2016 Obu et al., , 2017 , and the TanDEM-X intermediate digital elevation model (12.0-m ground resolution; Huber et al., 2012) . Each image was orthorectified to the average height of the digitized shoreline position. Therefore, the elevation data with the highest resolution and best coverage were used for each aerial image. Aerial images from the 1950s and 1970s have a ground resolution of 3.5 and 3.0 m, respectively. This means that the smallest distinguishable objects are 3.5 (1950s) or 3.0 m (1970s) apart. The aerial images from the 1950s were taken in four consecutive years (i.e., 1951, 1952, 1953, and 1954 ; supporting information Figure S1 ). The aerial images from the 1970s were all taken in 1972, except for the one in 1976 (supporting information Figure S2 ). Assuming that landscape changes that occurred between the overflights from 1951 until 1954 and from 1972 and 1976 are within the range of the ground resolution, aerial images from the 1950s and 1970s were processed together as a combined decadal data set, respectively. This means that all images from the 1950s and from the 1970s were combined and processed together in one PCI project, resulting in one mosaic data set for the 1950s and one for the 1970s. The 1990s were treated differently. Aerial images from different years were not combined, since the images covered six separate locations, instead of one coherent area along the whole coast (supporting information Figure S3 ). Thus, six mosaic data sets were created, each of them covering one key site and combining aerial images from 1 year. A total number of 520, 261, and 202 ground control points were used to orthorectify the 1950s, 1970s and 1990s images to the 2011 satellite images, respectively. The root mean square (RMS) positional errors for the orthorectified aerial images were 4.42 and 7.91 m for the 1950s and the 1970s PCI project, respectively (Table 2) . For the 1990s, project RMS values were between 1.00 and 2.82 m ( Table 2 ). The overall PCI project RMS values provide information about the mean offset of all pictures in a project. However, the validity of the PCI project RMS for each aerial image is limited.
Shoreline Digitalization
The shoreline was digitized manually on screen at a consistent zoom level equivalent to a scale of 1:1,000.
Because of the wide range of landforms associated with the shoreline in the study area, a set of shoreline proxies such as the cliff top line or the vegetation line was used to digitize as the shoreline (Figure 2 ). The only interruption of the shoreline was along the delta of Babbage River, which was excluded because no clear shoreline was distinguishable. The Babbage River delta is approximately 4.2 km wide (linear distance) at its entrance to the Beaufort Sea. If the geomorphological setting changed throughout the years, for example, from an actively eroding to an inactive cliff, the same shoreline proxy was used for all time periods. Thus, even though different proxies were used at different locations, the proxy used at each area was consistent through time. In this case, the shoreline proxy that could be distinguished best in both images was selected. The same approach was used when a shoreline proxy could not be distinguished in an image because of terrain shadows or cloud cover. Note. E GR is ground resolution, GCP stands for ground control point, TP for tie point, RMS for the average root mean square error of all Orthoengine© projects for one decade, LOA for loss of accuracy, and U for shoreline uncertainty. The supporting information Figures S1, S2, and S3 provide additional information (year, roll number, and picture number), as well as the footprint for each aerial image.
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For computation of shoreline change rates, the position of the shoreline at the beginning was compared to the position of the shoreline at the end of a time step. The uncertainty of each shoreline position (U) was calculated as shown in equation (1):
where E GR satellite image is the ground resolution of the satellite images, E GR aerial image represents the ground resolution of the aerial images from a particular decade, RMS is the root mean square error associated with the geocoding of aerial images from the respective decade, and LOA is the estimated loss of accuracy for the respective decade (Table 2 ; equation modified after Hapke & Reid, 2007) . The LOA accounts for the digitizing error and was determined by calculating the variance associated with repeated shoreline digitization of the same extent of shoreline. For consistency, all shorelines were digitized by the same operator. Examples of coastal landforms associated with the five coastal landform classes used to describe the shoreline (for definitions, see Table 5 ). The shoreline proxies used to digitize the shoreline are provided in brackets. The legend applies to all panels.
Calculation of Shoreline Position Change Rates
Shoreline change rates were calculated using the Esri ArcGIS extension Digital Shoreline Analysis System (DSAS) version 4.3 (Thieler et al., 2009) . The rates of shoreline change were computed along transects perpendicular to the shoreline, with a transect spacing of 100 m. For each transect and each time step, the mean rates of shoreline change per year (the DSAS output parameter is called end point rate) were calculated. DSAS analyses were conducted for the time step from the 1950s to the 1970s, the 1970s to 2011, and the 1950s to 2011 for the whole study area. For each decade, an average date was calculated from all image acquisition dates and used for DSAS analyses. The date 16 August 1953 was used for the 1950s, 17 July 1972 was used for the 1970s shoreline, and 16 August 2011 for the 2011s shoreline. Additionally, shoreline change rates were calculated for the 1970s to the 1990s and from the 1990s to 2011 for the six areas where shoreline position data from the 1990s was available. In the following sections, these segments of coast that are covered in all image series, including the 1990s, are referred to as key sites. The 1990s images cover a total, but discontinuous, shoreline length of 27 km, which accounts for 13% of the whole shoreline ( Figure 1 ). The actual image acquisition dates were used for DSAS (06 August 1992 , 13 July 1994 , and 25 July 1996 . All computed DSAS shoreline change rates for each transect are published in form of a comma separated value file in PANGAEA (Irrgang et al., 2017 ).
An indicator for the accuracy of the calculated shoreline change rate is the dilution of accuracy (DOA). The DOA was calculated as is shown in equation (2):
where U 1 is the uncertainty of the shoreline position from the first point in time, U 2 is the uncertainty of the shoreline position from the second point in time, and Δt is the amount of years covering the analyzed time span (equation modified after Foster & Savage, 1989) . In order to account for the date variability for the 1950s and 1970s aerial images, the shortest possible time span (Δt) was chosen for each DOA calculation. This results in highest possible DOA values for each calculation. Table 3 displays the DOAs for all analyzed time periods. The respective DOA is added to each shoreline change rate.
Method for Change Detection Along Lagoons, Barrier Island, and Spits (Gravel Features)
For the purpose of this study, erosion is defined as a landward movement and accretion as a seaward movement of the shoreline. This definition can be misleading if it comes to shoreline dynamics along lagoons, barrier islands, and spits since a landward movement of these geomorphological forms indicates land shift, but not necessarily land loss. In order to capture land loss and land gain more adequately along these features, referred to as gravel features, their areal extent was digitized for the 1950s, 1970s, and 2011 at a scale of 1:1,000. Then, the areas of the generated vector polygon shapefiles were compared. Due to a lack of aerial image coverage, no area calculations could be performed for the 1990s. This analysis was done for the seven largest gravel features that occur along the Yukon coast, namely, Clarence Lagoon, Nunaluk Spit, Catton Point Spit, Stokes Point Lagoon, Kay Point Spit, King Point Lagoon, and Shingle Point Spit. The positions of the gravel features are indicated in Figure 1 .
Field Survey Data
Field site measurements were used to capture local scale coastal changes along 0.3-to 1.7-km-long stretches of coast at subdecadal temporal resolution. For the purpose of this study, data from seven field sites were analyzed for several time periods between 1991 and 2015 ( Figure 1 , Table 4 ). The field sites were first established in different years and were surveyed in irregular time steps (Table 4) . Multiyear data collection was conducted from 1991 until 1995 using theodolite-based geodetic surveys and since then with the Differential Global Positioning System (DGPS). The theodolite measurements and the DGPS measurements have a position accuracy of ≤5 cm (NRCan, 2013) . At all field sites, the DGPS base station was set upon a geodetic benchmark with a known absolute position. At Stokes Point, the geodetic benchmark got lost due to shoreline retreat after 2007, and a new ground control point was established in 2012. Position accuracy of the collected survey information was enhanced by Precise Point Positioning in 2007 and 2012, using the Canadian Spatial Note. In order to account for the date mismatch, the DOA calculations were performed with the shortest possible time period which results in the highest DOA.
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Reference System-Precise Point Positioning online tool (NRCan, 2016b) . For temporal extension and comparison to remote sensing data, additional transects were created in DSAS that were coincident with the field transects, and separate rate of change statistics were calculated.
Calculation of Shoreline Position Change Rates
Since the field sites were established to serve a variety of purposes (e.g., characterizing representative coastal cliff features, monitoring of archeological sites, and Distant Early Warning line station monitoring), they also have different spatial extents (Table 4) . Coastal monitoring was conducted in the form of point measurements along designated cross-shore profiles and along-shore measurements at the water line, at the cliff toe, and at the cliff top. For the calculation of shoreline position change rates, the cliff top was chosen as shoreline proxy. The average annual rate of change (R ave ) in meters per year was calculated by dividing the cliff top edge position differences (Δx and Δy) by the number of years in between two consecutive measurements (Δt):
Classification of Shoreline
To classify the variety and distribution of coastal landforms along the Yukon coast, a coastal classification scheme was established based on Harper et al. (1985) and Couture et al. (2015) . This classification scheme was applied to the shoreline from the year 2011 at a scale of 1:1,000. Figure 2 shows examples for each of the five established classes, being (1) beach, barrier island, and spit; (2) inundated tundra; (3) tundra flats; (4) tundra slopes; and (5) active tundra cliff. Table 5 contains the definition of each class.
Transectwise Analyses of Shoreline Movements Through Time
In order to better understand the evolution of the shoreline between the different time periods, a detailed analysis of the movement of the shoreline at each DSAS transect was performed. Transects were categorized based on whether shoreline change rates showed increasing or decreasing erosion, increasing or decreasing accumulation, whether accumulation changed to erosion, or vice versa. This transectwise analysis was performed to compare two consecutive time periods (1950s-1970s with 1970s-2011) , over the whole length of coast and to compare three consecutive time periods (1950s-1970s with 1970s-1990s and 1970s-1990s with 1990s-2011) for the key sites extent.
Results
The results provide shoreline change rates along the 210-km length of the Yukon coast for the time between 1951 and 2015 ( Figure 3 , supporting information Figure S4 ). The mean rate of shoreline change for the whole length of coast was À0.7 ± 0.2 m/a. Thirteen percent of the coast was either accumulating or stable while 87% of the coast was eroding. All computed DSAS shoreline change rates are published in a comma-separated value file in PANGAEA (Irrgang et al., 2017) .
In order to quantify how well the key sites capture the variability of coastal landforms of the whole coast, percentages of the coastal landforms for both extents were compared. Compared to the whole coast, key sites , 1999 , 2006 120 3 CLAs 1997 , 2006 100 3 KOMs 1997 , 2000 , 2006 , 2014 570 9 NUNs 1995 , 1996 , 1997 , 2000 , 2003 , 2006 , 2014 100 4 CATs 1996 , 2006 , 2014 420 2 STOs 1995 , 1996 , 1997 , 1999 , 2006 , 2014 , 330 5 KNGs 2012 , 2014 1700 3
Note. Field site positions are shown in Figure 1 . Each site is named like the subregion in which it is located with the additional letter s which stands for short, meaning that just a short part of the subregion is covered by GPS measurements. BORs stands for Border short and so on. CLAs is short for Clarence Lagoon, which is situated in the eastern part of the Border subregion. Revisiting of the sites occurred irregularly, with a 1-to 8-year break between two consecutive visits.
overrepresent the active tundra cliff landform and underrepresent low-lying forms such as beaches, bars, spits, and inundated tundra. The active tundra cliff class contains the most uniformly and rapidly retreating shoreline sections. Its overrepresentation among the key sites results in more negative mean shoreline change rates compared to the whole coast. Consequently, the key sites serve as an indicator for how the more dynamic parts of the coast are changing.
Temporal Variations in Shoreline Change Rates
Temporal changes in shoreline positions were analyzed for five observation time periods (1950s-1970s, 1970s-2011, 1950s-2011, 1970s-1990s, and 1990s-2011) , based on images from the 1950s, 1970s, 1990s, and 2011 (Table 6 ). Throughout all time periods, the mean shoreline change rate of the whole coast remained stable. The mean rate of shoreline change of À0.7 ± 0.2 m/a varied only marginally over time (1950s-1970s: À0.7 ± 0.8 m/a, 1970s-2011: À0.7 ± 0.3 m/a; Table 6 ) and did not change significantly (level of significance α = 0.05). Figure 3 . Generalized spatial distribution of mean annual shoreline change rates for the 1950s to 2011 time period. For detailed shoreline change rates, see Figure S4 in the supporting information.
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Along the key sites, after a significant decrease in negative shoreline change rates in the 1970s to 1990s time period in comparison to the 1950s to 1970s time period, a strong acceleration in erosion was measured since the 1990s. A mean rate of shoreline change of À1.3 ± 0.8 m/a was measured for the 1950s to 1970s. In the 1970s to 1990s time period, the mean rate of shoreline change decreased significantly to À0.5 ± 0.6 m/a. The mean rate of shoreline change for the 1990s to 2011 time period (À1.3 ± 0.3 m/a) was not significantly different from the previous time period (α = 0.05) but nearly twice as high as the mean rate of shoreline change for the whole coast (À0.7 ± 0.2 m/a). Forty-nine percent of the coast is classified as either inundated tundra or active tundra cliff (Table 8) .
Transectwise analyses performed along the whole coast show that the amount of transects recording erosion increased from the 1950s to 1970s time period to the 1970s to 2011 time period from 78% to 84% (Figure 4a ). However, along 36% of these transects, shoreline change rates decreased from the 1950s to 1970s time period to the 1970s to 2011 time period (Figure 4a ). The amount of transects along which erosion rates of more than À5 m/a were measured increased in the 1970s to 2011 time period (compare amount of pale and dark red dots beyond the À5 m/a mark in Figure 4a ).
Transectwise analyses performed at the key sites show a deceleration in erosion from the 1950s to 1970s time period to the 1970s to 1990s time period, followed by a shift back to a more highly erosive regime during the 1990s to 2011 time period. The comparison of rates of shoreline change of the 1950s to 1970s time period with the 1970s to 1990s time period shows that coastal erosion decelerated along 49% of the key sites transects (Figure 4b ). Over the same period of time, 15% of the key sites transects shifted from erosion to accumulation. In the following time period, from the 1990s to 2011, a strong acceleration in erosion was measured along 54% of all key site transects (Figure 4c ). In summary, the key sites first showed a shift toward a strong decrease in the percentage of eroding transects, which was followed by an increase in the percentage of eroding transects and an acceleration of erosion in the most recent time period, which is in magnitude similar to the earliest time period.
Alongshore Variations in Shoreline Change Rates
The study area was subdivided into nine subregions to characterize the spatial variability of shoreline changes along the Yukon coast (Table 7 , Figures 1 and 5) . The subregions' divisions were placed at boundaries between physiographical units. Additionally, it was considered that the coast within each subregion has similar orientation.
Over the 1950s to 2011 time period, the western Yukon coast (west of Herschel Island) experienced more negative mean annual rates of shoreline change than did the eastern Yukon coast. Change occurred at the Border, Komakuk Beach, and Nunaluk Spit subregions at mean shoreline change rates of À1.4 ± 0.2, À1.3 ± 0.2, and À 0.9 ± 0.2 m/a, respectively. With mean shoreline change rates of À0.1 ± 0.2 to À0.5 ± 0.2 m/a, the subregions south and east of Herschel Island were closer to the overall mean rate of shoreline change of À0.7 ± 0.2 m/a along the whole coast.
The highest erosion rates were measured in the Nunaluk Spit (À7.2 ± 0.2 m/a) and Stokes Point (À6.2 ± 0.2 m/a) subregions and were associated with the beach, barrier island, and spit class. In the Kay 
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Point subregion, very high erosion rates were also measured at À5.8 ± 0.2 and À5.7 ± 0.2 m/a. These were associated with the inundated tundra class in the wave-sheltered area southeast of Kay Point Spit and with the active tundra cliff class at the very tip of King Point. Along 30.5% of all transects, erosion rates higher than À1.0 ± 0.2 m/a were recorded. The subregions of Komakuk Beach, Nunaluk Spit, and Stokes Point had the largest amounts of these high erosion rates, with 8.9%, 5.5%, and 4.8%, respectively. Most of these high erosion rates were associated with the active tundra cliff class (14.4%) and to a lesser extent with the beach, barrier island, and spit class (10.8%). These two classes not only contain the highest rates of erosion but also cover the longest stretches of the coast.
The highest accumulation rates were measured in the Shingle Point (5.3 ± 0.2 m/a), Nunaluk Spit (5.0 ± 0.2 m/a), and Stokes Point (2.9 ± 0.2 m/a) subregions and were associated with the beach, barrier island, and spit class (Figure 3) . Along 1.9% of all transects, accumulation rates of more than 1.0 m/a were recorded. The subregions of Shingle Point, Stokes Point, and Nunaluk Spit had the largest amount of these high accumulation rates, with 0.8%, 0.5%, and 0.4%, respectively. Most accumulation rates were associated with the beach, barrier island, and spit class and the tundra slopes class.
In summary, the subregions of Nunaluk Spit and Stokes Point showed the highest spatial variability (i.e., the greatest range) in shoreline change rates, whereas the subregions of Komakuk Beach and Border had the most uniformly changing shorelines, which were only eroding (Table 7, Figure 5 ). The class of beach, barrier island, and spit showed the highest variability in shoreline change rates, whereas shoreline positions in the tundra slopes class varied the least (Table 8, Figure 5 ).
Shoreline Dynamics Along Field Sites
Results derived from the GPS measurements and corresponding DSAS measurements along the field sites ( Figure 6 ) are in good agreement with the analyses of the remotely sensed data. Since 2012, measurements along the field sites Border (BORs), Nunaluk Spit (NUNs), and Stokes Point (STOs) revealed shoreline change rates of À3.3, À2.2, and À8.9 m/a, respectively ( Figure 6 ). These are the highest rates measured since the beginning of the monitoring. In contrast, mean annual rates of shoreline change along Clarence Lagoon -2015) . Measurements along the Komakuk Beach (KOMs) field site show that shoreline change along this site seems to follow an interannual pattern, where each 10 years the coast erodes faster, followed by a gradual deceleration of erosion ( Figure 6 ). Measurements along Catton Point show that this field site is stable-no change through time was recorded. This site is not included in Figure 6 .
Except for the measurements along Clarence Lagoon, Catton Point and King Point, rates of shoreline change measured since 2006 at the field sites were up to 13 times higher than the regional long-term mean of À0.7 ± 0.2 m/a for the 1950s to 2011.
Dynamics of Lagoons, Barrier Islands, and Spits (Gravel Features)
Six out of seven gravel features analyzed along the Yukon coast expanded in area within the 1950s to 2011 time period (Figure 7) . The largest change, with an increase of 110%, was detected along the lagoon at King 
Yukon Territory Land Loss
From the 1950s to 2011, a total area of approximately 8,323,100 m 2 was lost along the coast of the Yukon Territory due to shoreline retreat, which is on average approximately 14 ha/a. However, the definition of coastal erosion and accretion used for this calculation does not adequately capture the full dynamics of gravel features such as barrier islands, spits, and lagoon beaches, which can be sites of sediment deposition and net accumulation despite shifting toward the mainland. The calculation was therefore performed once more, excluding the seven main gravel features (Figure 1 ). In this case, 5,985,500 m 2 of land were lost along the Yukon coast due to coastal erosion over the 1950s to 2011 period, which is on average approximately 10 ha/a.
Discussion
Temporal Variations in Shoreline Change Rates
Mean shoreline change rates of À0.7 ± 0.2 m/a along the 210 km of the Yukon coast indicate long-term stability of spatially averaged shoreline change rates from the 1950s to 2011 (Table 6 ). The overall rate is in good agreement with Harper et al. (1985) , who calculated a mean annual shoreline change rate of À0.5 m for the time period of the early 1950s to 1970s, but is considerably smaller than the mean shoreline change rate of À1.12 m/a, published by Lantuit et al. (2012) for the Canadian Beaufort coast, which represents the overall mean rate of shoreline change averaged from several data sets, covering time spans since the 1950s to 2000. A potential reason for the higher negative shoreline change rate from Lantuit et al. (2012) is that it comprises rates of shoreline change from the whole Canadian Beaufort coast, including the Mackenzie River delta and its outer islands and up to the northern end of Banks Island. These regions are oriented northwest to west and are therefore directly exposed to the most effective storms, resulting in higher negative mean shoreline change rates (Solomon, 2005) .
Three possible explanations for the stability of the mean shoreline change rate through time are that (1) the driving environmental factors did not change for long enough or not by a great enough magnitude for the coastal system to manifest in a change, (2) that changes that were occurring along the coast are averaged out by the overall mean rate of shoreline change, or (3) that the temporal resolution of the shoreline change rates is too low to capture changes in the system. Observations show that environmental factors such as sea surface, water, and air temperatures and the length of the open water season are changing over the past few decades-temperatures are rising and open water seasons are getting longer (Hinzman et al., 2005; Parkinson & Comiso, 2013; Serreze & Barry, 2011; Stroeve et al., 2014) . These changes may lead to higher erosion rates along the coast (Barnhart, Overeem, et al., 2014) . The average rate of shoreline change was compiled with nearly Figure 6 . Rates of shoreline change along six out of seven field sites. The field site of Catton Point was neither eroding nor accumulating throughout all time periods and is thus not displayed here. The GPS measurements (red shaded bars) are shown together with the remote sensing measurements (gray bars). RC stands for rate of shoreline change. The t in the brackets indicates the number of transects along the respective field site. The field site positions are indicated in Figure 1 . Each site is named like the subregion in which it is located with the additional letter s that stands for short, meaning that just a short part of the subregion is covered by GPS measurements. BORs stands for Border short and so on. CLAs is short for Clarence Lagoon that is situated in the eastern part of the Border subregion. Additional information about the field sites can be obtained from Table 4. 10.1002/2017JF004326 2,000 measurements along 210 km of coast. This averaging involves an inevitable smoothing of the highly dynamic areas, as can be seen in Figure 5 . Yet the number of transects shifting from accumulation in the 1950s to 1970s to erosion in the 1970s to 2011(17%) was over 50% higher than the number of transects shifting from erosion to accumulation (11%; Figure 4a ), indicating a change in the erosion versus accumulation regime along the coast. Also, the number of transects recording shoreline retreat rates of more than À5 m was higher in the most recent time period of the 1970s to 2011. Thus, a change toward higher erosion is observed ( Figure 4A ) but not reflected in the overall mean shoreline change rates (Table 6 ).
The key sites show a different trend in mean shoreline change rates. The analyses of the key sites included the 1990s images and provided a greater temporal resolution, with three equally long time steps of roughly 20 years (1950s-1970s, 1970s-1990s, and 1990s-2011; Table 6 ). These analyses suggest that mean shoreline retreat across the key sites decelerated significantly between the 1970s and 1990s, followed by an increase in shoreline retreat from the 1990s to 2011 back to the height of the 1950s to 1970s rates (Table 6 ). In a similar study, conducted at Herschel Island, a decrease in coastal erosion in between the 1954 to 1970 and the 1970 to 2000 time periods was also observed (Lantuit & Pollard, 2008) . One explanation for this large-scale coastal dynamics pattern is a change in storm climatology. An analysis of wind data for study sites east of the Mackenzie Delta and for Kay Point revealed that there was a phase of greater storminess in the early to mid-1960s in comparison to the 1950s, followed by a quieter phase from the late 1960s and most of the 1970s (Manson et al., 2005; Solomon et al., 1994 ). This period was followed by a renewed phase of enhanced storm activity from the 1980s up to the end of the study in 2000 (Manson et al., 2005; Solomon et al., 1994) . A similar analysis of storm reanalysis data for the Yukon coast that would allow linking the variability in rates of shoreline change to varying storm patterns is missing at the present.
The GPS measurements at the field sites extend until 2015 and show that a pattern of increasing negative shoreline change rates with intensifying erosion since 2006 along the sites of BORs, KOMs, and STOs ( Figure 6 ). The observation of an acceleration of coastal erosion since the early 1990s is in good agreement with findings from the Alaskan part of the Beaufort coast and from the Siberian coast Jones, Arp, Jorgenson, et al., 2009; Mars & Houseknecht, 2007; Maslakov & Kraev, 2016; Ping et al., 2011) . The latest observations of increasing erosion rates might be partly attributable to the fast declining sea-ice extent since the beginning of this millennium, leading to a longer exposure of the shoreline to waves and to more favorable conditions for the development of higher waves because of a longer fetch Galley et al., 2016; Overeem et al., 2011; Vihma, 2014) . Since the GPS derived rates are calculated for subdecadal time steps, the rates of shoreline change are more susceptible to weather extremes. One severe storm event can, for example, lead to an abnormal high annual erosion rate. Thus, rates of shoreline change averaged over short time periods are often higher and more variable than long-term averages (Dallimore et al., 1996; Dolan et al., 1991) . The aerial image analyses are averaging 20-to 40-year time periods so that the observed interannual variations have a lower influence, since they are smoothed out by time periods with low erosion. 
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In summary, temporal changes in coastal dynamics along the Yukon coast show an increase in erosion at some locations in recent years, but this is not necessarily reflected in the long-term mean shoreline change rate. These changes are likely to be linked to changes in the length of the open water season and/or the change of storm intensity and frequency. However, additional work is needed to better link shoreline change dynamics to changes of environmental factors.
Alongshore Variations in Shoreline Change Rates
On the regional scale, the magnitude of shoreline changes along the Yukon coast seems to be dependent on exposure toward most effective storms that originate from the northwest to north (Hudak & Young, 2002; Manson & Solomon, 2007; Solomon et al., 1994) . The regions beyond the Buckland glaciation limit west of Herschel Island (BOR, KOM, and NUN) show mean rates of shoreline change of À1.4 ± 0.2 to À0.9 ± 0.2 m/a, while the shoreline in the regions southeast of Herschel Island (WBP, WHB, STO, KAY, KNG, and SHI) is changing at a mean speed of À0.5 ± 0.2 to À0.1 ± 0.2 m/a ( Table 7 ). The orientation of the mainland coast changes from a north to northwest orientation west of Herschel Island, to a northeast to east orientation east of Herschel Island. The gradient in rates of shoreline change between the regions west and east of Herschel Island suggests that shoreline change rates along the Yukon coast are linked to exposure toward storms, since the predominant direction of storms is north to northwest (Hudak & Young, 2002; Manson & Solomon, 2007; Solomon et al., 1994) . The regions west of Herschel Island are directly exposed to the most effective storms. Herschel Island shields the regions to its south (WBP) and east (WHB). These findings are in good agreement with those from Solomon (2005) , who observed that rates of shoreline change along the eastern Beaufort coast (Mackenzie Delta to Tuktoyaktuk) are strongly influenced by the exposure to northwest wind-driven waves and the resulting high water levels. The second most prominent direction from which storms originate along the Yukon coast is south-east to south-southeast. However, these storms result in negative surges and are thus less erosive (Harper & Penland, 1982; Henry, 1975) .
Publications reporting on shoreline dynamics from the Alaskan side of the Beaufort coast show that shoreline change rates west of Herschel Island correspond well with shoreline change rates in eastern Alaska and that a further increase in erosion toward Point Barrow can be observed Gibbs & Richmond, 2015; Jones, Arp, Beck, et al., 2009; Ping et al., 2011) . A further factor that increases the capacity for higher shoreline retreat rates to the west lies in the presence of high ground ice contents in the cliff. A comparison of shoreline change rates and ground ice contents from the Arctic Coastal Dynamics database shows that the capacity for erosion rises with rising ground ice contents . Since ground ice contents increase from Herschel Islands toward the west (Couture & Pollard, 2017; Couture et al., 2008) and the resulting high capacity of the ground for coastal erosion is exposed toward the most effective storms, this provides a further explanation of why shoreline change rates are increasingly negative toward the west.
In wave-sheltered areas, relative sea-level rise may play an important role for coastal erosion. All areas that are eroding despite being sheltered from waves lay in the inundated tundra class or to a minor extent in the tundra flats class. Bluffs in these classes are very low, usually not exceeding 2 m in height. Consequently, the inundation of coastal tundra might be attributed to relative sea-level rise, as a consequence of thaw settlement in the coastal zone (Wolfe et al., 1998) . That thaw settlement can have a major impact on coastal dynamics, as can be observed in the subregion of Stokes Point (Figure 6 : STOs). With a mean shoreline change rate of À8.5 m/a, the area immediately northwest of Stokes Point Lagoon is one of the most rapidly retreating areas along the whole Yukon coast. These high rates of erosion are very limited in extent and are likely to be linked with local controls. In this case, ground ice volume is probably controlling coastal evolution. Along the fast retreating cliff, large bodies of massive ice are visible, which get exposed by coastal erosion. During the summers, the massive ice in the cliff face is exposed to solar radiation, leading to fast melting. Harper (1990) already noticed that large parts of the Yukon coasts are rather melting away than eroding away. During the surveys performed at the field site in 2012, 2014, and 2015, waves were notching the ice-rich cliff face despite unstormy weather conditions, even though aerial images from 1996 showed that there was a beach fronting the cliff. This could be an indicator for a local deepening of the nearshore bathymetry. Ground settlement as a consequence of subsea permafrost or massive ice thaw or another mechanism of active submarine erosion might have caused this local deepening of the nearshore bathymetry, as was observed elsewhere along the Beaufort coast (Brown et al., 2003; Héquette & Barnes, 1990 ). Thus, Stokes Point is an example for how place-bound factors, in particular, the amount and state of ground ice volume in the coastal zone, can substantially alter coastal dynamics. The strong control of local geomorphology on coastal dynamics along the Yukon coast was already observed by Harper (1990) and Solomon (2005) . However, analyses done by Lantuit, Overduin, and Couture (2008) and Lantuit et al. (2012) suggest that ground ice contents are only weakly correlated with coastal retreat rates, though it seems that the strength of the correlation is very dependent on the local setting.
Along the field sites of Clarence Lagoon (CLAs), Border (BORs), Komakuk Beach (KOMs), and King Point (KNGs ;  Table 7 ), shoreline change rates seem to be primarily influenced by alongshore sediment supply and corresponding beach buildup. At the field site that is just west of Clarence Lagoon, a comparison of aerial imagery from the 1950s and 1970s with satellite imagery from 2011 and GPS transect profiles shows that this field site has been fronted by a 20-to 50-m-wide beach since the 1970s. Even though such a narrow beach can be easily flooded during storms, it provides effective protection of the cliff from wave erosion during calm weather conditions. Thus, erosion rates decreased significantly since the 1970s. The opposite can be observed along the Border field site since the early 2000s. The cliff was fronted by an approximately 15-mwide beach during the 1950s and 1970s, which continuously narrowed since the 1970s and was completely gone by the summer of 2015. Therefore, even low-energetic waves now reach the cliff toe. The cliffs along the Border field site are very ice-rich and susceptible to thermo-abrasion. Along the Komakuk Beach field site, erosion seems to vary decadally, where each 10 years the coast erodes faster, followed by a gradual deceleration of erosion. This pattern could be linked to erosion of large quantities of coarse gravel from the Distant Early Warning line airstrip by large storms. Satellite imagery and field observations show that the beach in front of the airstrip, which contains a considerable amount of coarse construction gravel, shields the location for a considerable amount of time before the reservoir of gravel is exhausted and the airstrip gets eroded by large storms again. Shoreline change rates at the King Point field site were significantly influenced by the closure of the King Point lagoon to the west of the cliff field site. The headland east of the lagoon was comparatively unprotected before the closure of the lagoon, which at least partly explains decreasing erosion rates since the 1970s.
Changes in the rates of shoreline change at the field sites are not consistent with changes for the corresponding coastal subregions. Clearly longer coastal subregions integrate a range of variability including erosional and accumulative features. The field sites function to demonstrate how this variability can be reflected at the local scale. Local scale geomorphological factors, such as ice content in the cliff and beach width, determine the response of the coast to forcing whereas larger scale to synoptic factors, such as storm counts and open water season duration, play a determining role for regional scale shoreline change dynamics.
Dynamics of Lagoons, Barrier Islands, and Spits (Gravel Features)
Along the Yukon coast, the highest rates of shoreline movement were observed along gravel features. The beach, barrier island, and spit class has the highest peak-to-peak variability in rates of shoreline change (À7.2 ± 0.2 to 5.3 ± 0.2 m/a; Figure 5 ). Coastal heights in this class do not exceed 2 m and can thaw to a depth of over 1.5 m during summers (Owens & Harper, 1977) . Thus, the sands, gravels, and cobbles are reworked by waves during the ice-free season, especially during storms and on a daily basis by longshore currents (Harper, 1990) . During the sea ice freeze-up and break-up seasons, as observed along Komakuk Beach, beaches are exposed to the processes of ice-push, through ice pile-ups and ice ride-ups. This can essentially alter the beach geomorphology and is a source of sediment (Harper et al., 1985; Héquette & Barnes, 1990; Hume & Schalk, 1964; Kovacs, 1983; Reimnitz et al., 1990) .
Six out of seven investigated gravel features have their largest areal extent in the latest measurement from 2011 ( Figure 7) . The increase in erosion since the 1990s likely increases the availability of material for the expansion of coastal gravel features such as barrier spits and barrier islands. A different process that may lead to areal expansion is increasing wave energy as a result of higher storminess and sea level rise. This increases the capacity for local sediment redistribution and may lead to flattening and broadening of the gravel features. For Nunaluk Spit, another possible source of sediment, as suggested by Harper et al. (1985) , is by ice-push. During overflights in the years of 2012, 2014, and 2015, berms most likely formed by ice-push were visible at the beach of Nunaluk Spit, supporting the hypothesis raised by Harper (1990) . In contrast, smallest increase or even a decrease in extent of gravel features was measured along the beaches of Stokes Point Lagoon and Clarence Lagoon. In the updrift direction of the longshore drift that is delivering sediments to 10.1002/2017JF004326
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Clarence Lagoon, coastal erosion decreased after 1972; thus, less sediments are being delivered. Along Stokes Point, erosion remarkably intensified after 1994. A possible reason for this is the occurrence of high massive ice contents in the cliffs (section 4.2). Erosion of these cliffs only releases small amounts of sediments. Moreover, a deepening of the nearshore seabed as a consequence of subsea permafrost or massive ice thaw, as is suggested to have happened along Stokes Point, would result in an exposure of the beach to higher wave energy. This causes enhanced sediment mobilization in the upper part of the lagoon and deposition in the down drift direction of the lagoon that is observed toward the south and is continuously growing.
The findings suggest that sediment supply along most parts of the Yukon coast increased through time and since the start of the observation period in 1950s is at its highest today. However, in order to get a better understanding of the dynamics of gravel features along the Yukon coast, information about the volume of these features is needed.
Conclusions
In this study, shoreline evolution over 64 years along a 210-km length of the Yukon coast was examined. The following conclusions can be drawn:
1. The mean rate of shoreline change for a 210-km-long section of the Yukon coast for the 1950s to 2011 amounts to À0.7 ± 0.2 m/a. Although the mean rate of shoreline change stayed approximately the same through time, the total number of transects recording erosion increased through time (78% in the 1950s to 1970s time period, to 84% in the 1970s to 2011 time period), indicating a change in the erosion versus accumulation regime along the coast. Key sites indicate that shoreline retreat significantly increased since the 1990s, following a sharp decrease in rates of shoreline change in the 1970s to 1990s time period compared to the 1950s to 1970s time period. 2. Mean rates of shoreline change for a 210-km-long section of the Yukon coast generally decrease eastward, being highest at the Canada-U.S. American border with À1.4 ± 0.2 m/a and lowest along Shingle Point with a mean rate of À0.1 ± 0.2 m/a. One possible mechanism guiding subregional scale coastal change pattern might be coastal exposure to northwest wind-driven waves and the resulting high water levels. 3. The areal extent of six out of seven main gravel features along the Yukon coast is rising since the 1950s. This might be caused by enhanced sediment availability due to intensified coastal erosion or by flattening of these features by more intensive storms. Monitoring of volumetric changes and water turbidity along the coast would enhance the understanding of sediment dynamics and gravel feature evolution. 4. The Yukon Territory mainland (excluding gravel features) is losing on average 10 ha of land each year over the past 60 years due to the process of coastal erosion. With the prognosticated rise of sea level by the end of this century, along with further effects of climate warming, it is likely that the yearly territorial losses will increase in the future. 5. Sixteen percent of the whole coast has been classified as inundated tundra and tundra flats. In both classes, the shore is characterized by low backshore elevations and is thus prone to flooding, which can be caused by further sea-level rise and by severe storms. Monitoring of the process of ground settlement along some of the subsiding terrains and the installation of a tide gauge along the Yukon coast would enhance the understanding of the processes that are leading to the fast disappearance of these regions and would contribute to a better estimation of impacts of a rising sea level along the Yukon coast in the future.
